ABSTRACT
Introduction
Contraction of intestinal circular smooth muscle is initiated by sequential activation of G q and phospholipase C-b1, resulting in inositol 1,4,5-trisphosphate (IP 3 )-stimulated Ca 21 release, Ca 21 /calmodulin-dependent activation of myosin light-chain (MLC) kinase (MLCK), and phosphorylation of the 20-kDa myosin light chain (MLC 20 ) (Kamm and Stull, 2001; Somlyo et al., 2004; Murthy, 2006; de Godoy and Rattan, 2011) . The initial contraction is terminated, in part, by inactivation of Ga q by regulator of G protein signaling-4 (RGS4) and Ca 21 uptake into Ca 21 stores by the sarcoendoplasmic reticulum Ca
21
-ATPase SERCA2 (Murthy et al., 1993; Colyer, 1998; Huang et al., 2005; Murthy, 2006; Hu et al., 2007) . In intestinal longitudinal smooth muscle, however, there is minimal participation of G q , RGS4, and IP 3 -dependent Ca 21 release (Murthy et al., 1991 (Murthy et al., , 1995 Kuemmerle et al., 1994 Kuemmerle et al., , 1998 Murthy, 2006 release via ryanodine receptors (Kuemmerle et al., 1994) . Initial contraction is terminated, in part, by SERCA2-mediated Ca 21 uptake into Ca 21 stores. In both intestinal circular and longitudinal smooth muscle, direct inactivation of MLCK could contribute to termination of initial contraction. MLCK activity in vascular smooth muscle is negatively regulated by AMP-activated kinase (AMPK), a serine/threonine kinase that directly phosphorylates MLCK; phosphorylation decreases the affinity of MLCK for Ca 21 /calmodulin (Horman et al., 2008; Sung and Choi, 2012; Lee and Choi, 2013 kinase kinase b (CaMKKb) at Thr 172 and at other sites by several kinases, including serine/threonine kinase 11 , protein kinase B, and cAMP-dependent protein kinase (PKA) (Hurley et al., 2006; Djouder et al., 2010; Hardie, 2011) .
Smooth muscle cells act as both targets and source of inflammatory mediators. Receptors for interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a), and interferon-g are expressed on vascular and visceral smooth muscle and have been shown to activate a variety of transcription factors [e.g., STAT4, nuclear factor-kB (NF-kB), activator protein-1] and other mediators (e.g., inducible nitric-oxide synthase and various regulatory kinases) (Akiho et al., 2002; Kinoshita et al., 2003; Cao et al., 2004; Khan and Collins, 2006; Ihara et al., 2012; SheaDonohue et al., 2012; Yang et al., 2013) . The differences in signaling targets between circular and longitudinal muscle could result in different outcomes in response to inflammatory cytokines (Martinolle et al., 1997) . We have previously shown that in circular muscle IL-1b and TNF-a acting via NF-kB cause an increase in RGS4 expression and activity resulting in rapid inactivation of Ga q , inhibition of IP 3 formation, Ca 21 mobilization, and initial muscle contraction (Hu et al., 2007 (Hu et al., , 2008 (Hu et al., , 2009 . Other studies have shown that exposure of longitudinal muscle to proinflammatory cytokines results in hypercontractility (Akiho et al., 2002; Zhao et al., 2005 Zhao et al., , 2006 . The signaling targets that mediate hypercontractility of longitudinal muscle have not been identified. The present study shows that inflammatory cytokines (IL-1b and TNF-a) activate the canonical NF-kB pathway, causing release of the catalytic subunit of PKA from its binding to IkBa. Phosphorylation of AMPK at Ser 485 by PKA relieves the inhibitory effect of AMPK on MLCK, causing further increase in MLCK activity, MLC 20 phosphorylation and initial contraction.
Materials and Methods
Preparation of Dispersed Smooth Muscle Cells. Smooth muscle cells were isolated from the longitudinal muscle of mouse colon by sequential enzymatic digestion, filtration, and centrifugation as described previously (Murthy et al., 1995; Huang et al., 2005; Hu et al., 2007) . Muscle strips were incubated for 20 minutes in a smooth muscle buffer [NaCl 120 mM, KCl 4 mM, KH 2 PO 4 2.6 mM, CaCl 2 2.0 mM, MgCl 2 0.6 mM, HEPES 25 mM, glucose 14 mM, and essential amino acid mixture 2.1% (pH 7.4)] at 31°C containing 0.1% collagenase (300 U/ml), and 0.01% soybean trypsin inhibitor (w/v). The partly digested tissues were washed twice with 50 ml of enzyme-free smooth muscle buffer, and the muscle cells were allowed to disperse spontaneously for 30 minutes. Cells were harvested by filtration through 500 mm Nitex and centrifuged twice at 350g for 10 minutes and resuspended in HEPES buffer. The cells were counted in a hemocytometer, and it is estimated that 95% of the cells excluded trypan blue. The experiments were done within 2-3 hours of cell dispersion.
Induction of Colitis and Preparation of Tissue. Colitis was induced with TNBS (2,4,6-trinitrobenzene sulphonic acid) as described previously (Hazelgrove et al., 2009; Alkahtani et al., 2013) . Briefly, 6-to 8-week-old male adult C57BL/6J (Charles River Laboratories, Wilmington, MA) mice were fasted for 24 hours and lightly anesthesized with isoflurane; 100 ml of TNBS solution [2.5% in 50% ethanol (v/v) ] was injected via a catheter advanced to 3 cm proximal to the anus via 1-ml syringe fitted with a catheter. Age-matched control mice were treated with vehicle. Mice were euthanized 3 days after the induction of inflammation. Macroscopic examination of the distal colon and rectum 3 days after TNBS administration revealed multiple mucosal erosions and ulcerations, which were in sharp contrast to the appearance of the normal colon excised from control animals with intact smooth mucosa. Segments of the distal colon 2-3 cm long were obtained; muscle cells from longitudinal muscle layer were also obtained.
Kinase Assay for AMPKa and MLCK. AMPKa and MLCK activities were determined on immunoprecipitates from cell extracts as described previously (Murthy et al., 2003; Hu et al., 2007) . Briefly, AMPKa and MLCK were immunoprecipitated with specific antibodies, and the immunoprecipitates were washed three times with phosphorylation buffer containing 10 mM MgCl 2 and 40 mM HEPES (pH 7.4). The immunoprecipitates were incubated with MLC 20 (20 mM) for measurement of MLCK activity or MLCK (1 mg) for measurement of AMPK activity. The reaction was initiated with 10 mCi of [g-32 P]ATP (3000 Ci/ml) and 20 mM ATP and incubated for 15 minutes at 37°C. 32 P-Labeled substrates were absorbed on to phosphocellulose disks, and free radioactivity was removed by repeated washing with 75 mM phosphoric acid. The extent of phosphorylation was determined from the radioactivity on phosphocellulose disks by liquid scintillation.
Phosphorylation of MLCK. Phosphorylation of MLCK was determined from the amount of 32 P incorporated into the enzyme after immunoprecipitation with specific antibody (Murthy et al., 2003) . Smooth muscle cells (3 Â 10 6 cell/ml) prelabeled with 0.5 Ci/ml of [ 32 P]orthophosphate for 3 hours were treated with acetylcholine (ACh) for 1 minute in the presence or absence of CaMKK inhibitor STO609 (7-oxo-7H-benzimidazo[2,1-a]benz [de] isoquinoline-3-carboxylic acid acetate; 10 mM), and the reaction was terminated with medium containing 1% Triton X-100, 0.5% SDS, 10 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml leupeptin, 100 mg/ml aprotinin, 10 mM sodium pyrophosphate, 50 mM NaF, and 0.2 mM sodium azide. The cell lysates were centrifuged at 13,000g for 15 minutes at 4°C, precleared with 40 ml of protein A/G PLUS agarose beads, and incubated with antibody to MLCK for 3 hours at 4°C, followed by another 1 hour of incubation with 40 ml of protein A/G PLUS agarose beads. The immunoprecipitates were washed with medium containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 0.5% Triton X-100 and extracted with sample buffer. The samples were resolved by gel electrophoresis, and 32 P-labeled MLCK was visualized by autoradiography, and the amount of radioactivity in the band was counted.
Western Blot Analysis. Dispersed muscle cells were solubilized on ice for 1 hour in a medium containing 20 mM Tris/HCl (pH 8.0), 1 mM dithiothreitol, 100 mM NaCl, 0.5% SDS, 0.75% deoxycholate, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml leupeptin, and 100 mg/ml aprotinin. The homogenate was centrifuged and the supernatant was collected. Equal amounts (40 mg) of total protein were loaded on 10% SDS-PAGE gels and transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA). Membranes were subsequently blocked in blocking buffer for 90 minutes at room temperature followed by incubation overnight at 4°C with primary antibodies. After three 10-minute washes with Tris-buffered saline/Tween 20, membranes were incubated with horseradish peroxidase-labeled secondary antibodies (1:5000) at room temperature for 90 minutes, followed by an additional three washes with 0.1% Tris-buffered saline/Tween 20. Bands were subsequently visualized on film using SuperSignal Femto maximum sensitivity substrate kit and analyzed by densitometry. Densitometric values for protein expression were expressed in arbitrary units after normalization to b-actin.
Measurement of Contraction in Dispersed Smooth Muscle Cells. Contraction in freshly dispersed smooth muscle cells was determined by scanning micrometry as previously described (Murthy et al., 1995; Huang et al., 2005; Hu et al., 2007) . Aliquots (0.4 ml) of cells containing approximately 10 4 cells/ml were treated with 100 ml of HEPES buffer containing different concentrations of ACh (10 pM to 1 mM) for 30 seconds, and the reaction was terminated with 1% acrolein at a final concentration of 0.1%. The resting cell length was determined in control experiments in which muscle cells were incubated with 100 ml of buffer without ACh. The mean lengths of 50 muscle cells treated with various agonists was measured by scanning micrometry and compared with the mean lengths of untreated cells. The contractile response was expressed as the percentage of decrease in mean cell length from control cell length.
Chemicals. [g-
32 P]ATP and [ 32 P]orthophosphate were from PerkinElmer Life Sciences (Boston, MA). Collagenase CLS type II and soybean trypsin inhibitor were from Worthington (Freehold, NJ); Western blotting material and protein assay kit and 10% Tris-HCl Ready Gels were from Bio-Rad Laboratories; antibodies to p65, IkBa, b-actin, AMPK, MLCK, and MLC 20 were from Santa Cruz Biotechnology (Santa Cruz, CA); STO609 and IL-1b were obtained from Alexis Biochemicals (San Diego, CA). MG-132 (carbobenzoxy-L-leucyl-L-leucyl-L-leucinal Z-LLL-CHO) was from EMD Millipore (Billerica, MA) and was dissolved in dimethylsulfoxide; Dulbecco's modified Eagle's medium was from Thermo Fisher Scientific (Waltham, MA). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).
Statistical Analysis. The results were expressed as means 6 S.E.M. of N experiments and analyzed for statistical significance using Student's t test for paired and unpaired values. Each experiment was done on cells obtained from different animals. Five to six mice of each group were studied. A probability of P , 0.05 was considered significant.
Results
Negative Regulation of ACh-Stimulated MLCK Activity by AMPK in Longitudinal Smooth Muscle of the Colon. Initial contraction in smooth muscle is mediated by Ca 21 /CaM-dependent activation of MLCK. In vascular and gastric smooth muscle, MLCK is negatively regulated on phosphorylation of Ser 815 by AMPK. AMPK is activated on phosphorylation at Thr 172 by CaMKKb (Horman et al., 2008) .
Treatment of longitudinal muscle cells of the colon with 1 mM ACh for 30 seconds stimulated AMPK activity and AMPK phosphorylation at Thr 172 ; the increase in AMPK phosphorylation and activity was blocked by the CaMKKb inhibitor STO609 (10 mM) (Tokumitsu et al., 2002) (Fig. 1, A and B). ACh stimulated also MLCK phosphorylation and activity. Treatment of cells with STO609 blocked phosphorylation of MLCK, leading to augmentation of its activity (Fig.  1, C and D) . These results suggested that MLCK activity is negatively regulated by phosphorylation via AMPK. Consistent with this notion, ACh-induced MLC 20 phosphorylation and muscle contraction were augmented in the presence of STO609 (Fig. 1, E and F) . These results imply that in both colonic longitudinal and vascular smooth muscle, MLCK activity and muscle contraction in response to contractile agonists are negatively regulated via phosphorylation of MLCK by AMPK.
Augmentation of ACh-Induced Contraction in Colonic Longitudinal Smooth Muscle Cells Isolated from TNBS-Treated Mice or from Control Strips Treated with IL-1b or TNF-a. The effect of proinflammatory cytokines on ACh-induced contraction of colonic longitudinal muscle cells isolated from longitudinal muscle strips treated for 24 hours with IL-1b (10 ng/ml) or TNF-a (1 nM) was examined. Parallel studies were done on smooth muscle cells isolated from TNBStreated mice. The duration of TNBS treatment in vivo and the dose and the duration of treatment of muscle strips with IL-1b 
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or TNF-a in vitro were based on our previous studies of colonic circular smooth muscle as described in Materials and Methods (Kuemmerle, 1998; Hu et al., 2007 Hu et al., , 2008 Hu et al., , 2009 Hazelgrove et al., 2009; Alkahtani et al., 2013) .
Initial muscle cell length was similar in control (vehicletreated) and TNBS-treated mice (108 6 5 mm versus 104 6 6 mm), whereas the contractile response to ACh, expressed as percentage of decrease in cell length, was significantly greater in muscle cells isolated from TNBS-treated mice (Fig. 2A) . The concentration response curve for muscle cells from TNBS-treated mice was shifted to the left (maximal contraction 35% 6 2% decrease in cell length; EC 50 ∼1 nM) relative to that from vehicletreated mice (26% 6 2% decrease in cell length; EC 50 ∼10 nM) ( Fig. 2A) .
Initial cell length (range: 102 6 4 to 108 6 7 mm) and the pattern of response to ACh in muscle cells isolated from muscle strips treated for 24 hours with IL-1b or TNF-a were identical to those obtained in muscle cells isolated from TNBS-treated mice (control: 26% 6 3% decrease in cell length, EC 50 ∼10 nM; IL-1b: 35% 6 3% decrease in cell length, EC 50 ∼1 nM; TNF-a: 36% 6 2% decrease in cell length, EC 50 ∼1 nM) (Fig. 2B) .
Augmentation (Fig. 3, A and B) . The increase in MLCK activity and MLC 20 phosphorylation, however, was significantly greater in muscle cells isolated from TNBS-treated mice (Fig. 3, A and B) . Basal MLCK activity and MLC 20 phosphorylation were not significantly different between vehicle-and TNBS-treated mice.
Similarly, ACh-stimulated MLCK activity and MLC 20 phosphorylation were significantly greater in muscle cells isolated from strips treated for 24 hours with IL-1b (10 ng/ml) or TNF-a (1 nM) relative to MLCK activity and MLC 20 phosphorylation in muscle cells isolated from strips cultured in control medium (Fig. 3, C and D) . Basal MLCK activity and MLC 20 phosphorylation were not significantly different between the different groups (Fig. 3, C and D) .
Inhibition of ACh-Induced AMPK Activity and AMPKMediated MLCK Phosphorylation in Colonic Longitudinal Smooth Muscle Cells Isolated from TNBS-Treated Mice or from Control Strips Treated with IL-1b or TNF-a. We tested the hypothesis that suppression of AMPK activity by proinflammatory cytokines masks the inhibitory effect of AMPK on MLCK, leading to an increase in ACh-stimulated MLCK activity, MLC 20 phosphorylation, and muscle contraction. ACh-induced stimulation of AMPK phosphorylation at Thr 172 and AMPK activity were significantly attenuated in muscle cells isolated from TNBS-treated mice compared with muscle cells from control mice (Fig. 4, A and B) . Similarly, AChinduced stimulation of AMPK phosphorylation at Thr 172 and AMPK activity were significantly attenuated in cells isolated from muscle strips cultured for 24 hours with IL-1b or TNF-a (Fig. 4, C and D) . Basal AMPK activity was not significantly different between different groups (Fig. 4) .
Consistent with the decrease in AMPK activity, AMPKdependent phosphorylation of MLCK decreased in muscle cells isolated from TNBS-treated mice or from muscle strips treated with IL-1b or TNF-a (Fig. 5, A and B) . These results implied that the increase in MLCK activity, MLC 20 phosphorylation, and muscle contraction in muscle cells isolated from TNBS-treated mice or from strips treated with IL-1b or TNF-a was due to suppression of AMPK activity and AMPKmediated inhibitory phosphorylation of MLCK. Basal cell lengths and MLCK activity were not significantly different in muscle cells isolated from strips incubated in the presence or absence of IL-1b or TNF-a, and this could be due to recovery of cell length during muscle cell isolation protocol.
Signaling Pathways That Mediate Inhibition of AMPK Activity in Colonic Longitudinal Smooth Muscle Cells Isolated from TNBS-Treated Mice or from Control Strips Treated with IL-1b or TNF-a. As shown in Fig. 1 , phosphorylation of the a subunit of AMPK at Thr 172 by CaMKKb stimulates AMPK activity. However, phosphorylation of AMPK at Ser 485 by PKA inhibits AMPK activity (Djouder et al., 2010; Hardie, 2011) . Previous studies have shown that proinflammatory cytokines (IL-1b or TNF-a) cause activation of NF-kB -dependent contraction. Muscle contraction was measured by scanning micrometry and expressed as percentage of decrease in cell length before ACh treatment. Basal cell lengths were not significantly different between control and TNBS-treated mice or between control and cytokine-treated muscle strips (115 6 4 mm to 121 6 6 mm). Values are means 6 S.E.M. of six experiments. (Hu et al., 2008 (Hu et al., , 2009 ). The canonical pathway for activation of NF-kB involves IkBa kinase-mediated phosphorylation of IkBa, leading to degradation of IkBa and nuclear translocation of p65/p50 proteins. Degradation of IkBa releases the catalytic subunit of PKA from its binding to IkBa (Sriwai et al., 2013 ). An obvious candidate for mediating inhibition of AMPK activity is PKA derived from NF-kB activation. This notion was examined in colonic longitudinal muscle cells isolated from TNBS-treated mice and from muscle strips incubated with IL-1b or TNF-a for 24 hours in the presence or absence of inhibitors of NF-kB (MG-132) and PKA (myristoylated PKA inhibitor 14-22 amide [PKI] ).
NF-kB activity, measured as an increase in p65 subunit phosphorylation or IkBa degradation (decrease in IkBa protein levels), was significantly stimulated in colonic longitudinal muscle cells isolated from TNBS-treated mice, as well as in muscle cells isolated from muscle strips treated with IL-1b or TNF-a for 24 hours (Fig. 6, A and B) .
The increase in NF-kB activity in TNBS-treated mice and cytokine-treated muscle strips was accompanied by an increase in AMPK phosphorylation at Ser 485 , measured using phospho-specific antibody (Fig. 7A) . Phosphorylation of AMPK at Ser 485 was blocked when muscle strips were incubated with IL-1b in the presence of the NF-kB inhibitor, MG-132 (10 mM), or the PKA inhibitor PKI (1 mM) (Fig. 7B) . Treatment of muscle strips with the MG-132 or PKI also blocked the inhibitory effect of IL-1b or TNF-a on ACh-stimulated AMPK activity (Fig. 8A) . These results suggest that activation of NF-kB causes phosphorylation of AMPK via PKA leading to attenuation of AMPK activity.
The involvement of NF-kB/PKA/AMPK pathway in cytokineinduced augmentation of MLCK activity and muscle contraction was further examined in smooth muscle cells isolated from muscle strips treated with IL-1b or TNF-a in the presence of MG-132 or PKI. As shown in Figs. 8B and 9, augmentation of MLCK activity and muscle contraction induced by IL-1b or TNF-a was blocked when the strips were incubated in the presence of MG-132 or PKI, implying that the increase in MLCK activity and contraction resulted from inhibition of AMPK activity on phosphorylation of AMPK by the catalytic subunit of PKA released from IkBa.
Discussion
The present study characterized the signaling pathways mediating hypercontractility of colonic longitudinal muscle during inflammation in vivo and in response to proinflammatory cytokines in vitro. We measured ACh-stimulated initial contraction in colonic longitudinal muscle cells isolated from TNBS-treated mice and from muscle strips cultured for 24 hours with IL-1b or TNF-a. We demonstrated that inflammation in vivo and IL-1b or TNF-a in vitro significantly augmented ACh-stimulated MLCK activity, MLC 20 phosphorylation, and initial Ca 21 -dependent contraction. In contrast, our previous studies had shown that in colonic circular muscle cells isolated from TNBS-treated mice and from muscle strips cultured for 
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24 hours with IL-1b or TNF-a, ACh-stimulated MLC 20 phosphorylation and initial Ca 21 -dependent contraction were significantly decreased (Hu et al., 2007 (Hu et al., , 2008 (Hu et al., , 2009 ). Initial contraction in circular smooth muscle is mediated by activation of G q and phospholipase C-b1, IP 3 -induced Ca 21 release, Ca
21
/calmodulin-dependent activation of MLCK, and phosphorylation of MLC 20 . The signal for the initial phase is rapidly terminated by regulator of G protein signaling 4 (RGS4), which accelerates inactivation of Ga q . RGS4, an endogenous regulator of G q signaling, was identified as the target of Fig. 4 . Suppression of ACh-induced AMPK phosphorylation at Thr 172 and AMPK activity by proinflammatory cytokines. Longitudinal muscle cells isolated from colon of control and TNBS-treated mice (A and B) or from muscle strips cultured in the absence (control) or presence of IL-1b (10 ng/ml) or TNF-a (1 nM) for 24 hours (C and D) were treated with 1 mM of ACh for 30 seconds to measure initial Ca 2+ /calmodulin-dependent AMPK phosphorylation (A and C) and AMPK activity (B and D) . AMPK phosphorylation at Thr 172 was measured by immunoblot using phospho-specific antibody, and AMPK activity was measured by immunokinase assay. Basal AMPK activity was not significantly different between control and TNBStreated mice or between control and cytokine-treated muscle strips. Values are means 6 S.E.M. of five experiments. **P , 0.01, significantly different from control response to ACh. proinflammatory cytokines acting via NF-kB (Hu et al., 2007 (Hu et al., , 2008 (Hu et al., , 2009 ). An increase in RGS4 expression resulted in rapid inactivation of Ga q , inhibition of IP 3 formation, Ca 21 mobilization, and initial muscle contraction. In contrast, as previously shown, initial contraction in longitudinal smooth muscle is initiated by Ca 21 influx and Ca
-and cyclic ADP ribose-induced Ca 21 release via ryanodine receptors/Ca 21 channels (Murthy et al., 1991 (Murthy et al., , 1995 Kuemmerle et al., 1994 Kuemmerle et al., , 1998 Murthy, 2006) . There is minimal participation of G q , RGS4, and IP 3 -dependent Ca 21 release in this muscle. In longitudinal smooth muscle, as shown in the present study, initial contraction is terminated by inactivation of MLCK via a novel pathway involving sequential activation of CaMKKb and AMPK. This pathway is highly expressed in longitudinal muscle and appears to be the dominant pathway for inactivation of MLCK and termination of initial contraction. The present study demonstrates that inflammatory cytokines, acting via NF-kB, induce hypercontractility in longitudinal smooth muscle by attenuating AMPK activity (Fig. 10) .
MLCK activity in longitudinal muscle is negatively regulated via phosphorylation of MLCK by AMPK. Activation of NF-kB activity in response to cytokines releases the catalytic subunit of PKA from its binding to IkBa; phosphorylation of AMPK at Ser 485 by PKA inhibits AMPK activity and attenuates its inhibitory effect on MLCK. The evidence supporting this conclusion can be summarized as follows: 1) ACh induced phosphorylation of AMPK (at Thr Longitudinal muscle cells isolated from colon of control and TNBS-treated mice or from muscle strips cultured in the absence (control) or presence of IL-1b (10 ng/ml) or TNF-a (1 nM) for 24 hours were used for measurement of p65 subunit phosphorylation (i.e., activation) by Western blot using antibody to phospho-specific (Ser 177/181 ) antibody (A) and IkBa degradation using antibody to IkBa (B). Western blot of the b-actin protein is shown for a control loading. Values are means 6 S.E.M. of four experiments **P , 0.01, significantly different from control. Fig. 7 . Cytokine-induced phosphorylation of AMPK at Ser 485 by PKA derived from NF-kB activation. Longitudinal muscle cells were isolated from colon of control and TNBS-treated mice or from muscle strips cultured in the absence (control) or presence of IL-1b (10 ng/ml) or TNF-a (1 nM) for 24 hours (A). In some experiments, muscle strips were incubated with IL-1b in the presence of inhibitors of NF-kB pathway (MG-132, 10 mM) or PKA (myristoylated PKI, 1 mM) (B). Phosphorylation of AMPK at Ser 485 was measured using phospho-specific antibody. Values are means 6 S.E.M. of four experiments. **P , 0.01, significantly different from control. contraction were negatively regulated via phosphorylation of MLCK by AMPK. 3) ACh-stimulated AMPK activity and phosphorylation at Thr 172 were inhibited, whereas MLCK activity was augmented in muscle cells isolated from TNBS-treated mice or muscle strips treated with IL-1b or TNF-a. 4) NF-kB activity was stimulated and AMPK was phosphorylated at the PKA site (Ser 485 ) in muscle cells isolated from TNBS-treated mice or muscle strips treated with IL-1b or TNF-a. 5) Phosphorylation of AMPK at Ser 485 and attenuation of AMPK activity induced by IL-1b or TNF-a was blocked by inhibitors of NF-kB and PKA. 6) Augmentation of MLCK activity and muscle contraction induced by IL-1b or TNF-a was blocked by inhibitors of NF-kB and PKA. These results imply that the increase in ACh-stimulated MLCK activity, MLC 20 phosphorylation, and muscle contraction induced by cytokines resulted from inhibition of AMPK by PKA derived from NF-kB activity, thereby relieving the inhibitory effect of AMPK on MLCK activity.
AMPK, a serine/threonine kinase, is activated in an AMPdependent manner via phosphorylation at Thr 172 by LKB (Hardie, 2011) . AMPK is also activated in an AMP-independent manner via phosphorylation at Thr 172 by CAMKKb to regulate functions other than energy sensing. In addition to phosphorylation of AMPK at the activation site (Thr 172 ), phosphorylation at Ser 485/491 has been identified as both an autophosphorylation site and a target site for PKA and Akt (Woods et al., 2003; Horman et al., 2006; Omar et al., 2009 9 . Blockade of NF-kB or PKA reverses the effect of cytokines on augmentation of contraction in response to ACh. Longitudinal muscle cells were isolated from colonic muscle strips cultured with IL-1b (10 ng/ml) or TNF-a (1 nM) for 24 hours in the presence or absence of inhibitors of NF-kB pathway (MG-132, 10 mM) or PKA (PKI, 1 mM). Muscle contraction in response to ACh (1 nM and 1 mM) was measured by scanning micrometry and is expressed as the percentage of decrease in cell length before ACh treatment (106 6 5 mM to 108 6 4 mm). Values are means 6 S.E.M. of four experiments. *P , 0.05, significantly different from control response to ACh. lacking the Ser 485 site (Djouder et al., 2010) . This finding suggests that the decrease in phosphorylation of AMPK at Thr 172 in muscle cells isolated from TNBS-treated mice and from muscle strips treated with cytokines may reflect concurrent phosphorylation of AMPK at Ser 485 . However, a direct inhibitory effect of cytokines on CaMKKb activity cannot be ruled out.
In longitudinal muscle cells, as previously noted herein, agonist-mediated activation of cPLA 2 and generation of arachidonic acid are the triggers for Ca 21 mobilization and initial muscle contraction (Murthy et al., 1991 (Murthy et al., , 1995 Kuemmerle et al., 1994 Kuemmerle et al., , 1998 . Previous studies had shown that both cAMP-and cGMP-dependent protein kinases phosphorylate cPLA 2 and inhibit Ca 21 mobilization and contraction , in contrast to the augmentation of contraction induced by the catalytic subunit of PKA on release from binding to IkBa. Preliminary studies show that ACh-stimulated cPLA 2 activity was not affected in muscle cells isolated from TNBS-treated mice or from muscle strips treated with IL-1b and TNF-a, suggesting that targets for cAMP-dependent PKA and cAMP-independent PKA are distinct.
Several studies have examined the changes in signaling mechanisms that result in hypocontractility of intestinal circular smooth muscle during inflammation and in response to proinflammatory cytokines (Ohama et al., 2003; Shi et al., 2003 Cao et al., 2004; Jin et al., 2004; Hu et al., 2007; Ross et al., 2007) . Hypercontractility of longitudinal muscle has been observed in response to parasitic infestation, which leads to activation of STAT-6 and upregulation of protease-activated receptor-1 and 5-HT 2A receptors via IL-4 and IL-13 (Akiho et al., 2002; Zhao et al., 2005 Zhao et al., , 2006 Shea-Donohue et al., 2012) . However, the changes in expression or activity of signaling targets that result in hypercontractility of longitudinal muscle have not been examined. The present study provides evidence for specific changes in signaling targets that mediate initial Ca 21 /MLCK-dependent contraction in longitudinal smooth muscle exposed to proinflammatory cytokines. The pathways that mediate sustained contraction are distinct and involve G 12 /RhoGEF-mediated activation of RhoA and Rho kinase-mediated inhibition of MLC phosphatase (Murthy, 2006; de Godoy and Rattan 2011) . Preliminary studies suggest that inflammatory cytokines stimulate expression of RhoGEF and inhibit expression of telokin, an endogenous activator of MLC phosphatase leading to increase in sustained muscle contraction. The disparate effects of inflammation on circular and longitudinal muscle disrupt the functional coordination of the two muscle layers.
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